Using a temperature-inducible hsp70:Gal4 activator and UAS:myc-notch1a-intra as effector, we determined quantitatively the kinetics of expression of both transgenes and analysed the effects of varying their expressivity on several phenotypic traits in the developing zebrafish. hsp70:Gal4 is transcribed within 15 min after temperature-mediated induction, but Gal4 RNA decays rapidly. The Gal4 protein was found to be quite stable, as functional Gal4, which was detectable 1.5 h after heat shock (HS), persisted for at least 13 h. myc-notch1a-intra RNA is expressed approximately 1.5 h after HS, but unlike the Gal4 RNA, it was found to be very stable; it continues to accumulate during the succeeding 17 h after HS. Fully penetrant phenotypic effects are obtained after a relatively long activator induction with a 30-min HS. q
Introduction
The Gal4-UAS technique for directed gene expression (Fischer et al., 1988; Brand and Perrimon, 1993 ) is widely used to misexpress genes in Drosophila. The technique is based on the use of two different transgenic strains. The activator carries the coding sequence for the yeast transcriptional activator Gal4 driven by a temporally and/or spatially regulated promoter or enhancer element. The effector carries the gene of interest fused to the target sequence of Gal4, the so-called upstream activating sequence (UAS). The progeny of crosses between activator and effector flies carry both transgenes, and therefore express the gene of interest with the specificity imposed by the regulatory sequences that drive Gal4 (Brand et al., 1994) . A large variety of strains expressing activators in highly diverse and specific patterns are currently available in Drosophila. These strains are derived either from enhancer traps identified by the insertion of non-autonomous transposable elements that carry the coding sequences of Gal4 (e.g. Martin et al., 1999; Boquet et al., 2000) , or from the large numbers of promoters that have been dissected in many different laboratories. Therefore, using the Gal4-UAS technique, it is now possible to misexpress gene variants in essentially any tissue or cell type of the developing fruitfly.
We have recently adapted the Gal4-UAS technique for use in the zebrafish (Scheer and Campos-Ortega, 1999) . Several insertions of two activators, based on the svtk promoter (Winkler, 1993) and the carp b-actin promoter (Caldovic and Hackett, 1995) , were tested and all insertions were capable of transactivating an UAS:myc-notch1a-intra effector, as detected by anti-myc antibodies. However, no phenotypic effects were observed. Since notch1a-intra acts in the zebrafish, as in many other species, as a constitutively active Notch receptor with rather drastic effects (Takke et al., 1999) , we hypothesised that the amount of Gal4 expressed was sufficient to transactivate the effector gene but insufficient to induce detectable phenotypic effects.
Two different factors can be envisaged to affect the expressivity of activators and effectors. One is chromosomal position effects, determined by the sites of transgene insertion. Position effects have been repeatedly reported in Drosophila (e.g. Hinz et al., 1994) . We have also noticed position effects on a relatively large number of transgene insertions in the zebrafish (N. Scheer and J.A. Compos-Ortega, unpublished) . The other factor is the specific promoter used in the constructs. Thus, transgenes carrying promoters of heterolo-gous provenance have been found to be, on an average, much more weakly expressed than those with promoters isolated from zebrafish genes (N. Scheer and J.A. Compos-Ortega, unpublished; see also Higashijima et al., 1997) .
We have carried out a quantitative analysis of activator and effector expression in the zebrafish by means of in situ hybridisation, RT-PCR and gel retardation assays and correlated it with the severity of phenotypic effects. One insertion of a heat-inducible hsp70:Gal4 construct, carrying a promoter derived from the zebrafish hsp70 gene (Halloran et al., 2000) , which is strongly expressed upon heat-shock, was selected for study. As effector, we used one of the previously described UAS:myc-notch1a-intra insertions, in which notch1a-intra is tagged with a tandem array of six copies of the myc epitope (Takke et al., 1999; Scheer and Campos-Ortega, 1999; Scheer et al., 2001) . Major conclusions of our study is that Gal4 RNA is unstable, but Gal4 protein is fairly stable, whereas myc-notch1a-intra RNA and protein are comparatively very stable.
Results
Crosses were made either between heterozygous activator and wild-type, or between heterozygous activator and heterozygous effector fish, and heat shocks (HS) of 5, 15 and 30 min, were applied to the progeny at the 70% epiboly stage. Temperatures between 35 and 428C between 5 and 45 min were tested; 408C for up to 30 min was found to induce a strong and reproducible activator response without causing abnormalities in wild-type control embryos. Therefore, we used this temperature throughout. The embryos were then allowed to recover from the HS for different periods of time and further processed.
Three series of experiments were performed. The first one served to determine the kinetics of expression of the activator. First, in situ hybridisations showed that abundant Gal4 RNA was ubiquitously present in the embryos as early as 15 min after a 5 min HS. Slight differences in the amounts of Gal4-RNA were detected after a 30-min HS, as compared to 5 min (Fig. 1A, C) . However, Gal4 RNA could no longer be detected by 90 min after 5 min HS, although a residual signal was still present 90 min after 30 min HS (Fig. 1B, D) . Second, analysis of RNA from individual embryos by reverse transcriptase polymerase chain reaction (RT-PCR) confirmed the results obtained by in situ hybridisation ( Fig.  2A, B) . The maximal response was obtained following a 15 min HS and a recovery of 15 min, whilst the amount of RNA following a 30 min HS was slightly lower. The amount of RNA detected decreased depending on the duration of the recovery period after HS. That is to say, RNA levels were always highest 15 min and lowest 90 min after HS.
To assess the stability of the Gal4 protein, we first tried western blots using several commercially available anti- Gal4 antibodies. However, all antibodies failed to give reproducible signals. We therefore turned to a gel retardation assay to demonstrate functional Gal4 protein. Protein fractions were prepared from embryos 1.5, 3, 6, 13 and 24 h after a 30 min HS at 70% epiboly, and assayed for the ability to bind an oligonucleotide containing the target sequence of Gal4 (see Section 4). Gal4 protein was detectable within 1.5 h after HS induction, as demonstrated by a clear shift in the electrophoretic mobility of the oligonucleotide (Fig.  3) . The amount of Gal4 protein reached a peak at 3 h, decreasing thereafter. Functional protein was still present at 6 and 13 h, but no Gal4 was detectable 24 h after HS.
The amount of functional Gal4 detectable 6 and 13 h after HS is low as compared to 3 h. A control was carried out to test whether this decrease is due to effects of proteases present in these two fractions. We took profit of the fact that Gal4 protein expressed in Drosophila, driven by the ubiquitously active daughterless promoter (daG32, Wodarz et al., 1995) , shows a different shift behaviour than Gal4 expressed in zebrafish. The reason for this difference is unclear; however, we hypothesise that it is due to different modification of Gal4 in both species. Mixing a zebrafish protein extract prepared 6 h after HS with another one from Drosophila embryos carrying daG32 results in two shifts, one corresponding to Gal4 from Drosophila and the other to Gal4 from zebrafish extracts (not shown). Therefore, the decrease observed in the zebrafish fraction reflects a true reduction in the cellular concentration of Gal4 6 and 13 h after HS.
The second series of experiments was designed to determine the kinetics of effector gene expression. Progeny embryos from crosses between heterozygous hsp70:Gal4 and UAS:myc-notch1a-intra fish were analyzed by RT-PCR using a myc and a notch1a-intra primer on RNA from individual embryos. The embryos were heat-shocked for 5, 15 or 30 min at 408C and allowed to recover for an additional 15 min, 30 min, 1.5, 3 and 17 h. myc-RNA was first detected 1.5 h after HS treatment, irrespective of the duration of the HS (not shown, and Fig. 4A, B) ; the amount of myc RNA remained constant or even continued to increase after 3 and 17 h. The amounts expressed depended on the duration of the HS, being lower after 5 min than after 15 or 30 min HS.
In the third series of experiments, we modified the duration of the HS and analysed the resulting phenotype. The progeny of crosses between heterozygous activator and effector fish were heat-shocked at 70% epiboly, fixed at the 8-somite stage for in situ hybridisation with an islet-1 probe and genotyped by PCR after investigation of the phenoytpe. islet-1 is expressed in the so-called primary neurons of the zebrafish (Korzh et al., 1993; Inoue et al., 1994) , which are selected from groups of equivalent cells by means of Notch-mediated signals. We chose to analyse this trait because it is easily quantifiable. Activating Notch signaling by injecting mRNA encoding the Delta homologs deltaD and deltaC (Dornseifer et al., 1997; Haddon et al., 1998) , or from notch1a-intra or her4, a target of Notch (Takke et al., 1999) , causes a block in the development of Fig. 3 . Functional Gal4 persists for at least 13 h. Analysis of Gal4 expression using a gel retardation assay. Protein from hsp70:Gal4 embryos that had been heat-shocked (408C) at 70% epiboly for 30 min, and allowed to recover for 1.5 h (lanes 5-7), 3 h (lanes 8-10), 6 h (lanes 11-13), 13 h (lanes 14-16) and 24 h (lanes 17-19) was tested for the ability to bind to an oligonucleotide containing the UAS, that is, the target of Gal4. Lane 1 is without protein, lanes 2-4 show a wild-type control, and lane 20 a Drosophila protein fraction from embryos expressing the Gal4 activator construct daG32 (Wodarz et al., 1995) . For each experiment, 7, 10 and 15 mg of protein were used. Specific binding of Gal4 to the UAS can be detected in lanes 5-16 and 20. UB: unbound oligonucleotide. ;UAS:mycnotch1a-intra embryos that had been heat-shocked (408C) for 5, 15 or 30 min at 70% epiboly and allowed to recover for 1.5, 3 and 17 h. As control, a fragment of e-IF4a was amplified. (B) UAS:myc-notch1a-intra RNA was determined from five to eight individual embryos in each experiment. The values of individual embryos were expressed with respect to the e-IF4a control. Mean values and standard deviation are shown. UAS:mycnotch1a-intra is first transcribed 1.5 h after HS. After longer HS pulses, the level of UAS:myc-notch1a-intra RNA remains fairly high for at least 17 h after HS.
islet-1 positive neurones. Following a 5-min HS, no defects were observed in the islet-1 pattern in 8-somite stage embryos (25 embryos were examined, Fig. 5A ). However, the number of islet-1 positive neurones was reduced to about 40% of the normal complement after a 15-min HS in five out of 22 siblings analysed (these five animals correspond to the hsp70:Gal4; UAS:myc-notch1a-intra embryos, which should account for 25% of the progeny; Fig. 5B ). Following a 30-min heat shock, islet-1 positive cells could not be detected at the 8-somite stage in seven hsp70:Gal4; UAS:myc-notch1a-intra embryos out of 22 analysed from the same cross (Fig. 5C ). Therefore, a 30-min HS is required to obtain phenotypic effects with full expressivity.
Defects in segmentation, in brain morphology, in the eyes and ears, in the notochord, etc, were detected in older embryos following a 15-min HS, which were considerably more severe after a 30-min HS (Fig. 5D-F) . HS pulses of 408C and 15-30 min duration applied to wild-type control embryos did not affect the embryonic phenotype.
Discussion
The described results allow several conclusions. First, we conclude that hsp70:Gal4 is transcribed soon after HS, but the RNA decays quite rapidly, while Gal4 protein is relatively stable. Thus, the highest amount of Gal4 RNA was detected by RT-PCR 15 min after HS, whereas considerably less was detected 90 min after the HS. Gal4 protein, on the other hand, was translated shortly after HS, its concentration increased for about 3 h and decreased slowly thereafter, functional protein being still detectable 13 h after HS. Second, the effector response is different. A high response was found already after a 15 min HS, as consequence of the high response of the activator. However, the concentration of myc-notch1a-intra RNA remained high, or even increased between 1.5 and 17 h after HS. Differences between the values after 15 and 30 min HS were statistically not significant. These data strongly suggest that the effector RNA is very stable. Western blot analysis with an anti-myc antibody was recently used to show that myc-notch1a-intra protein persists in the zebrafish embryo for as long as 24 h after a 30-min HS, but disappears within the following 24 h (Scheer et al., 2001) . Since Gal4 protein appears to be nonfunctional 24 h after HS, the persistence of myc-notch1a-intra protein is probably due primarily to the stability of myc-notch1a-intra RNA.
The third main conclusion of our study is that highest expressivity of phenotypic effects requires a strong induction of the activator. Thus, we found such effects only after a HS of 30 min, whilst shorter pulses either did not modify the wild-type phenotype (as after a 5 min HS), or modified it only mildly (as after 15-min HS). Granted that the HS treatment did not affect the wild-type phenotype, and that the amount of effector RNA was comparably high after 15 and 30 min HS, the more pronounced morphological defects of the longer HS are probably consequence of the prolonged action of the effector protein.
Using an inducible promoter, like hsp70, allows one to modulate the intensity of the response by changing the parameters of induction, i.e. the temperature and duration of the HS. This, of course, offers a broad range of experimental possibilities. The analysis of allelic series has frequently proven to be extremely useful in understanding the function of specific developmental genes (see, for example, Wieschaus et al., 1984) . Accordingly, varying the time of temperature treatment between 15 and 30 min may cause a graded series of phenotypic effects, which might actually be of comparable use to that of analysing allelic series.
Experimental procedures
For the construction of the activator plasmids, the HindIII fragment of Gal4 from pGaTB (Brand and Perrimon, 1993) was fused to the SV40 small intron and polyadenylation site, and a 1.5-kb fragment from the hsp70-promoter (Halloran et al., 2000) , was cloned upstream of the translational start site of Gal4. Microinjection of DNA was as described (Scheer and Campos-Ortega, 1999) . Three independent insertions were obtained, one of which was used throughout this study. Heat shocks were applied to groups of about 15 embryos in zebrafish Ringer in a 0.5 ml PCR tube, using a PCR block that had been previously heated to the desired temperature. A fish line carrying one of the UAS: mycnotch1a-intra insertions described in Scheer and CamposOrtega (1999) was used as the effector strain. Hybridisation of digoxygenin-labeled Gal4 RNA probes to embryo wholemounts was performed as described (Bierkamp and Campos-Ortega, 1993) . RNA probes were prepared from islet-1 (a gift of V. Korzh), and from a HindIII Gal4 fragment from pGaTB (Scheer et al., 2001 ), using RNA labeling kits (Roche).
PCR was used to determine the genotype of individual embryos that had been analysed by in situ hybridisation, or otherwise morphologically. The primer combinations were 5 0 -CGGGCATTTACTTTATGTTGC-3 0 (hsp70) and 5 0 -CATCATTAGCGTCGGTGAG-3 0 (gal4), amplifying a fragment of 950 bp, and 5 0 -CATCGCGTCTCAGCCT-CAC-3 0 (UAS) and 5 0 -CGGAATCGTTTATTGGTGTCG-3 0 (notch1a:intra) that amplifies a fragment of 450 bp.
RT-PCR
Total RNA was extracted from individual embryos as described in Chirgwin et al. (1979) . The RNA was reverse transcribed using Superscript-RT (Gibco-BRL) and 100 ng of random hexamers (Boehringer Mannheim) in a 20-ml reaction. One mg cDNA was subjected to PCR. The primer pairs used were 5 0 -ATGGAACCTGACTCGAAGAC-3 0 (Gal4 reverse) and 5 0 -CAGAAGTGGAATCAAGGCTAG-3 0 (Gal4 forward), and 5 0 -GATCTGGAAGACTCCCTG-TC-3 0 (myc reverse) and 5 0 -GAGGACTTGAATTCAAG-GAAC-3 0 (myc forward). As internal control we used primers that amplified a 400-bp fragment of the elongation factor e-IF4a [5 0 -GCCCCTGCCAATGTA-3 0 (forward) and 5 0 -GGGCTTGCCAGGGAC-3 0 (reverse)]. An initial 3-min denaturation step at 958C was followed by an additional denaturation step for 1 min also at 958C, annealing at 568C for 1 min and elongation step at 728C for 1 min. This procedure was repeated for 30 cycles of the same characteristics (958C, 568C and 728C for 1 min each), followed by a final extension step at 728C for 10 min. The RT-PCR samples were photographed with a CCD camera and processed with the ImageQuant software from Molecular Dynamics. The values obtained for Gal4 and myc RNA, measured in three to eight single embryos for each experiment, were expressed relative to the values for the e-IF4a RNA controls, which were set to 100%. Prior to the RT-PCR determinations, conditions were established to ensure that the template concentration was in a linear range. RNA was prepared from 1, 5, 10, 20 and 40 wild-type embryos and reverse transcribed. One mg template was diluted 1:2, 1:10 and 1:50 and used for PCR with the same procedure as described above for the RT-PCR. Quantitative PCR differences between the three dilutions were detected only when RNA had been prepared from single embryos.
Gel retardation assays
Embryos at 70% epiboly were heat-shocked at 408C for 30 min. Protein preparation followed the protocol described in Chang et al. (1997) . For each determination, three lanes were loaded with 7, 10 and 15 mg of protein. Two different controls were used. First, protein from heat-shocked wildtype zebrafish embryos; second, embryos from a Drosophila strain that expresses a strong, ubiquitous Gal4 activator construct (daG32, Wodarz et al., 1995) . Binding reactions were performed in the presence of an oligonucleotide containing the UAS recognised by Gal4 (AATTCGGAG-TACTGTCCTCCG; Giniger et al., 1985) , and band-shift assays were carried out according to Fried and Crothers (1984a,b) and Hendrickson and Schleif (1984) .
